Abstract: CMSX 4 and Inconel 625 superalloys were coated by platinum layers (3 and 7 μm thick) in the electroplating process. The heat treatment of platinum layers (at 1,050˚C for 2 h) was performed to increase platinum adherence to the superalloys substrate. The diffusion zone obtained on CMSX 4 superalloy (3 and 7 μm platinum thick before heat treatment) consisted of two phases: γ-Ni(Al, Cr) and (Al 0.25 Pt 0.75 )Ni 3 . The diffusion zone obtained on Inconel 625 superalloy (3 μm platinum thick before heat treatment) consisted of the α-Pt(Ni, Cr, Al) phase. Moreover, γ-Ni(Cr, Al) phase was identified. The X-ray diffraction (XRD) results revealed the presence of platinum in the diffusion zone of the heat-treated coating (7 μm platinum thick) on Inconel 625 superalloy. The surface roughness parameter Ra of heat-treated coatings increased with the increase of platinum layers thickness. This was due to the unequal mass flow of platinum and nickel.
Introduction
Aluminide coatings are widely used as standard surface protection systems for nickel-based superalloys in gas turbine blade applications [1] . The main function of the coating is to form a surface layer composed of the β-NiA1 phase [2] . Aluminide coatings have an ability to form a protective and slowly growing oxide (Al 2 O 3 ) at higher temperature (above 900°C) [2, 3] . One of the most significant modifications of aluminide coatings, in order to improve oxidation resistance of aluminide-coated nickel superalloys, is the addition of platinum to the aluminide coating [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Aurrecoechea et al. [2] alleged that platinum excludes refractory transition elements such as molybdenum, vanadium and tungsten from the outer layer of the coating, which promotes selective oxidation of aluminium.
Koul et al. [4] showed that platinum encourages the formation of pure alumina oxide and reduces oxide growth rate. Platinum acts as the NiAl phase stabilizer and prevents the NiAl to Ni 3 Al phase transformation. Pedraza et al. [5] proved that the observed influence of Pt additions typically includes (a) reduction of void growth along the scale/metal interface, (b) modification of the scale/substrate morphology and (c) mitigation of detrimental effects of sulphur segregation.
Pint et al. [6] and Zagula-Yavorska et al. [7] showed that platinum improves the scale adhesion in the cyclic oxidation test at 1,100, 1,150 and 1,200°C. Angenete and Stiller [8] obtained the platinum aluminide coating by the pack cementation process. The microstructure of coatings consisted of the ζ-PtAl 2 and β-(Ni,Pt)Al phases. It was found that the turbine blades need coatings that are composed of the β-(Ni,Pt)Al phase [8] . The presence of the ζ-PtAl 2 phase in the microstructure of the aluminide coating limited the practical application of the coating. The ζ-PtAl 2 phase is brittle and has low thermal fatigue resistance. Purvis et al. [9] proved that single-phase platinum aluminide coatings have low brittleness in comparison to double-phase platinum aluminide coatings that consist of PtAl 2 and (Pt,Ni)Al phases. The oxidation resistance of platinum-modified aluminide coatings on Inconel 738 superalloy was investigated by Niu et al. [10] . It was found that aluminide coatings consist of two phases: PtAl 2 and NiAl. Authors showed that Pt-Al coatings protect the superalloy at 1,100°C during 1,000 h oxidation, while simple aluminide coatings protect superalloy during 500 h of oxidation. Streiff et al. [11] determined the Pt-Al coatings' properties. It was proved that coatings on the ground of PtAl 2 phase are brittle and have low thermal stability at the temperature higher than 1,000°C. Coatings consisting of the β-NiAl phase are ductile and have high thermal stability at the temperature higher than 1,000°C. Other studies showed that platinum accelerates aluminium diffusion, then reduces the vacancies' flux from the metal to the surface and inhibits vacancy coalescence and internal void formation [12] .
Even platinum-modified aluminide coatings deposited on the superalloys suffer failure during exploitation [13] . The coatings' failure may be due to several factors, such as thermal stress generated by the depletion of aluminium and outward diffusion of the substrate elements, such as titanium, tantalum or vanadium, from the diffusion zone to the coating/oxide interface which increases the scale growth rate and scale spallation and sulphur segregation at the oxide/scale interface.
The proper platinum content in the coating is a diffusion barrier of the aluminium diffusion from the coating to the superalloy substrate. This phenomenon inhibits corrosion process of aluminide coatings.
There are different methods of platinum incorporation into the coating, such as in situ, electron beam, vapour deposition (EB-PVD), magnetron sputtering, electroplating and others [14] [15] [16] . The application of diffusion treatment of platinum coatings provides their good adherence. In this paper, the effect of the platinum electroplated layer thickness on the microstructure of heat-treated coatings deposited on nickel-based superalloys was analysed.
Experimental procedure
The superalloys used in this study were monocrystal CMSX 4 and polycrystal Inconel 625. Chemical composition of superalloys is presented in Table 1 .
The material's surface preparation for platinum electroplating process includes four basic operations [12] : surface degreasing, surface etching, rinsing in cold water and surface activation. The electrochemical degreasing was carried out in the gluconate electrolyte at 50°C. The electrolyte contained 180-240 g/dm 3 sodium gluconate -C 6 H 11 NaO 7 and 18-240 g/dm 3 sodium hydroxide -NaOH. The rinsing in heated water was carried out in order to clean samples' surfaces from C 6 H 11 NaO 7 and NaOH. The samples' surface activation was carried out by etching in the mixture of 90 g/dm 3 HF + 530 g/dm 3 HNO 3 .
The platinum electroplating process included the activation and the appropriate electroplating. The activation of the sample's surface before the appropriate electroplating process was performed for 1 h by means of tetraamineplatinum(II) composite bath -Pt(NH 3 ) 2 (NO 2 ) 2 15 g/dm 3 , which enabled the rapid growth of an adherent and relatively homogeneous layer. The current density was about 10 A/dm 2 . Titanium was used as an anode. The appropriate electroplating was done with the current density of 0.1 A/dm 2 . Two kinds of layers (3 and 7 μm thick) were used to investigate the influence of Pt layer thickness on the depth and the microstructure of heat-treated coatings. The samples after electroplating were heat treated at 1,050°C for 2 h under argon atmosphere. The platinum electroplated samples after diffusion treatment were cut to study the crosssectional microstructure. Polished sections were etched by the use of reagent of the following chemical composition: 100 ml HNO 3 , 7 ml HF and 11 ml H 2 O. Microstructure investigations of samples after diffusion treatment were performed by the use of the light microscope Nikon 300 and the scanning electron microscope (SEM) HITACHI S-3400N equipped with the energy-dispersive spectrometer (EDS). The surface roughness parameter -Rawas evaluated by the Perthometer S2 MAHR. The average value of surfaces' roughness parameter and standard deviation were calculated. Evaluation of phase composition was made using ARL X'TRA-ray diffractometer equipped with a filtered copper lamp with the voltage of 45 kV and heater current of 40 mA.
Results
The diffusion treatment of CMSX 4 superalloy with the 3 μm thick platinum layer was performed for 2 h at 1,050°C. After this treatment, the 9 μm thick diffusion zone was formed (Figure 1(a) ). The original surface of the substrate can be identified by adjusting the contrast of spots that are surrounding pores. The microstructure of the cross section of the heattreated coating consisted of two phases. The white phase (at. %: 19Al, 2Cr, 60Ni, 19Pt) has higher Pt and Al content and lower Cr content in comparison to the surrounding substrate (at. %: 13Al, 7Cr, 80Ni) (Figure 1(a) ). The high content of aluminium, nickel, chromium and platinum (% at: 10Al, 12Cr, 61Ni, 17Pt) was observed on the surface 
of the platinum coating after the diffusion treatment (Figure 1(b) ). The X-ray diffraction (XRD) analysis revealed the presence of (Al 0.25 Pt 0.75 )Ni 3 and γ'-Ni 3 Al phases ( Figure 2 ). It was distinguished that the white phase is (Al 0.25 Pt 0.75 )Ni 3 , while the surrounding substrate is the γ-Ni(Al, Cr) solid solution.
The diffusion treatment of CMSX 4 superalloy with platinum 7 μm thick layer was performed for 2 h. This treatment caused the formation of the diffusion zone at the coating similarly as for the 3 µm thick layer (Figure 3(a) ). The depth of the diffusion zone is approximately 19 μm. The coating consists of two phases: the white phase (%at: 16Al, 6Cr, 61Ni, 17Pt) and the grey phase (%at: 10Al, 8Cr, 82Ni). A fine-grained structure with the grain size of 5 μm is formed on the surface of the sample (Figure 3(b) ). Some bulges are also observed on the surface of the sample (Figure 3(c) ). The surface is also enriched with platinum, nickel, chromium and aluminium (at. %: 15-25Pt, 48-56Ni, 6-8Cr, 5-10Al). The (Al 0.25 Pt 0.75 )Ni 3 and γ'-Ni 3 Al phases were revealed after heat treatment (Figure 4 ).
The surface roughness parameter of CMSX 4 specimens decreases with the increase of the platinum layers' thickness ( Table 2 ). Heat treatment of platinum electroplated layers causes the increase of the surface roughness ( Table 2) .
The diffusion treatment of platinum electroplated layer (3 μm thick) deposited on Inconel 625 superalloy leads to the diffusion zone formation, as in the coating deposited on CMSX 4 superalloy. The thickness of the diffusion zone is about 7 μm (Figure 5(a) ). A fine-grained structure with the grain size of 2-3 μm is formed on the surface of the heat-treated sample ( Figure 5(b) ). The EDS surface analysis results revealed a composition of at. %: 16Cr, 1Al, 41Ni, 42Pt. The α-Pt(Ni, Cr, Al) and γ-Ni(Cr, Al) solid solutions were identified by the XRD analysis ( Figure 6 ). Furthermore, the intermetallic phase (Al 0.25 Pt 0.75 )Ni 3 was not observed in the coating. The interface after the heat treatment was identified. The original interface of the substrate is not observed.
The thickness of the diffusion zone of the heat-treated (7 μm thick) platinum electroplated coating deposited on Inconel 625 is about 9 μm (Figure 7(a) ). Some bulges Figure 4 : X-ray diffraction results of platinum electroplated coating (7 μm thick) deposited on CMSX 4 superalloy after the heat treatment. are observed on the surface of the coating (Figure 7(b) ). The XRD surface analysis revealed the presence of platinum ( Figure 8 ). Therefore, it is reasonable to assume that platinum is not dissolved after the heat treatment. It was observed that diffusion zone thickness for both 3 and 7 μm thick platinum electroplated layers did not differ significantly and was about 7-9 μm. Table 3 shows the roughness values of Inconel 625 specimens before, after the platinum electroplating and after the diffusion treatment. The roughness of the specimens tended to decrease after the platinum electroplating. The increase of platinum electroplated layers thickness from 3 to 7 μm leads to decrease of the surface roughness parameter Ra. Moreover, heat treatment of platinum electroplated samples causes the increase of the surface roughness (Table 3) .
Discussion
The experimental results showed that heat treatment of platinum electroplated layers (3 and 7 μm platinum thick) deposited on CMSX 4 superalloy leads to obtain a diffusion zone. The depth of diffusion zone is 9 and 13 μm, respectively. The XRD results revealed the presence of (Al 0.2 5Pt 0.75 )Ni 3 and γ'-Ni 3 Al phases.
Heat treatment of platinum electroplated layer (3 μm platinum thick) on Inconel 625 led to obtain a diffusion zone -7 μm deep. The diffusion zone consisted of α-Pt(Ni, Cr, Al) and γ-Ni(Cr, Al) solid solutions. The diffusion zone of platinum electroplated layer, 7 μm platinum thick, did not differ significantly and was 9 μm. Moreover, the XRD analysis showed the presence of undissolved platinum.
The surface roughness of heat-treated coatings increased with the increase of platinum electroplated thickness. Hong et al. [17] allege that surface morphology of platinum coatings after heat treatment is not related to the surface conditions of deposited specimens. Hong et al. [17] and Chen et al. [18] showed that roughness is affected by internal residual stress and atomic migration caused by interdiffusion between two elements. Philibert et al. [19] proved that the formation of bulge results from a net flow of atoms caused by unequal diffusion rates of two elements. When nickel and platinum are interdiffused during heat treatment, the strain for surface roughening can be generated due to the difference of the atomic radius of platinum and nickel. The atomic radius of nickel is 0.162 nm, whereas atomic radius of platinum is 0.182 nm. Hong et al. [17] allege that if two elements are mutually interdiffused and solid soluted, the lattice parameter will be altered. The surface roughness parameter (Ra) can increase with the progression of interdiffusion between two elements. Bigger values of the roughness parameter were measured in specimens with platinum layer's thickness of 7 μm both for CMSX 4 and Inconel 625 superalloys because the thicker interdiffusion zone means the greater mass flows of nickel and platinum. Hong et al. [17] also proved that internal stress is generated in the platinum electroplated layer and increases when the platinum electrodeposited layer's thickness increases. Internal stress is generated due to the incoherence between the substrate and the platinum layer. The internal stress provides resistance to the deformation of the deposited layer. It may be assumed that superalloys coated with the 7 μm thick platinum layer show the largest internal stress and the largest surface roughness parameter Ra.
The obtained platinum heat-treated coatings on CMSX 4 and Inconel 625 superalloys were used as substrates for aluminide coating deposition. Their good oxidation resistance at 1,100°C during 1,000 h oxidation was proved [7] . Platinum-modified aluminide coatings deposited on CMSX 4 and Inconel 625 superalloys showed three to four times better oxidation resistance that non-modified coatings. Moreover, the γ'-Ni 3 Al phase was also identified. 3. Two phases: α-Pt(Ni, Cr, Al) and γ-Ni(Cr, Al) solid solutions are identified in the diffusion coating (3 μm platinum thick before heat treatment) deposited on Inconel 625 superalloy. Heat treatment of 7 μm platinum thick electroplated layer at 1,050°C for 2 h does not lead to platinum dissolving. Therefore, only platinum was identified on the surface of heat-treated coating by the XRD analysis. 4. The surface roughness parameter Ra of the heattreated coating increased with the increase of platinum electroplated thickness, as a result of unequal mass flow and internal stress release caused by the interdiffusion of platinum and nickel. 
